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Brief summary of last lecture :

(1) Spin and Polarization

e a free spin—1/2 particle obeys Dirac equation
(p— m) u(p) = 0 where p = ~, p"

e at rest, one has
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e they are eigenstates to the spin operator &,

1
S.ut = +-ut
2
“polarized in z direction”
e now, we boost the particle to momentum p = (E, 0,0, p.)

e states become
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e they are eigenstates of the helicity operator :
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e they are also eigenstates of the Pauli-Lubanski (polarization) operator :

1 1
ifwazui = :|:§ u™

where n = (p., 0,0, F)/m
e at high energy, £ ~ p. they also become eigenstates to chirality -5 :

1
%ui = +—u*



e back at rest : now let's construct

uT:—[qu—l—u_} ul:—[ufr—u—]

V2

Syul = +-u

“polarized in x direction”




e now, we again boost the particle to momentum p = (FE, 0,0, p.)
T

A
e states become
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earestill ul = (ut +u)/V2 etc
e they are eigenstates of the Pauli-Lubanski (polarization) operator :
1 1 L1
5757/Lu — :|:§u where n = (0, 1,0, 0)

e they are no longer eigenstates of the transverse-spin operator :

1
Syul # —|—§UT



(2) Polarized epu — e Scattering

e found angular dependence :

d
oo (Vs ) B+ (L= sys) ) B+ (s + o)) B+ (5 — o)) RS

+ a1 { cos(e) Ry — sin(e) B | + <, { cosly) Ry + sin(y) R, }
e ST\ S| { cos(p) Rs — sin(p) R6} + 58", { cos(p) Rr + sin(yp) Ré}

+ 5.8 { R7; 4+ cos(2¢) Rg — sin(2¢) Rg }



(2) Polarized ey — e Scattering i

e found using parity and helicity conservation :
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Why interesting ? We'll see :

e spin asymmetries in DIS and in inelastic hadronic scattering at RHIC

may proceed via scattering off nucleon constituents — partons

e Example, DIS :
i = \<
L —

—

e Example, Drell-Yan dimuon production, pp — p* =X

i >MM\<
N
e therefore, understanding spin effects at elementary-particle level

Is crucial



Today :

e Deeply-inelastic Scattering

e Polarized Parton Distributions
e Scaling and its violation

e Factorized cross sections

¢ What do DIS data tell us about the nucleon ?



3.2 Deeply-inelastic lepton-nucleon scattering
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® Cross section :
cross section o |amplitude|?

o get

Ak’ 44 /
Q4¥/ 2E’ (2m)*6"(k+ P — k' — px)

X (P, S |JH0) | X) (X | J(0)| P, S) [alk,s) v, u(k)] |a(k) v ulk,s)

e this can be written as

do o’ E’
= — = . WH(P,q, S
dE/ dQ Q4 L (kﬁ Q7 SZ l/v ( Y] Q7 )/

Vv .
leptonic hadronic



Euy(ka q, 8) —

WHY (P, q,S)

_<g/,bl/

+ i M etP7g,

o FZ', qg; .

do
dE’ dS) LA

X Lﬂy(k7Q7 SZ ) WMV(€7Q7 S)J

leptonic hadronic

calculable in QED
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e spin-averaged cross section : (y = 1—-F/F)
d*o 4o 0
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e for ¢; : differences WH¥(P,q,S) — WH'(P,q,—5)

e specialize to lepton with helicity A\ and L(l%, S’) =

e find D@ dplatm ) et

drdydd  dedydp  Am2Q2

X {Cosa { [1 — % — mzjyj 91(33, QQ) — 2m;§2y 92(33, QQ)}

21p2,,2
—sinozCOS(ngw \/(1—y—m it ) (% 91($,Q2) + 92(33,@2)>}

o 0 =0:= g

e o =m7/2: = yg1 + 2go , suppressed m/Q)



e experimentally: spin-asymmetries, e.g. case oo = 0 :

do(—<) = dog(—=) 2
= D(y) RGN D(y) Ai(z, Q%)

A =
I 4o L do =) Fi(z, Q%)

e so far only “fixed-target” experiments :

SL{\C E80,130 (p); E142 (n); E143 (p, d); E154 (n);
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3.3 Heuristic Parton Model Feynman; Bjorken,Paschos

e target rest frame (recall, x = Q?/2mv) :
P=(m,0,0,0)
¢ = (1,0,0, V12 +Q?)

e boost to frame where nucleon has large momentum component p3

( “infinite-momentum frame") : (B = p3/\/p: + m?)

m2
PIMF ~ <p3 + 2—]937 07 07 p3>

mv m v
qIMF ~ (33]?3 a8 07 07 —IPp3 — —)
2p3 2p3



e time scales : Lorentz-dilated by ~+ = \/pg + m?/m |

/o2
1 p3—|—m2 ~ P3
2
m

— internal interactions : At ~v X = = > ~
m m

— DIS interaction :
1 1
phase ¢ -z = 5 (g0 — g3) (T + z3) + 5 (90 + q3) (t — 23)

mu
rps (t + 2z3) — 5(15—23)
3

Q

p3 — 00 = zz3~ -t = Al ~LI2

mrur

e therefore :
At m? x

At Q2

e — lepton sees “snapshot” of nucleon in virtual parton state

< 1




e scatters incoherently off “free” quark-partons :

p=&P

e

e clastic eq scattering : partonic Bjorken-variable =1

Q’ Q’
1 — xparton — — —

2p-q 26P -q

~

R

® ( Tpaon < 1 if scattering inelastic !)




e can calculate ep cross section :

daep daef Q)? x
Z / d£ f parton — —
d:vdy 2p-q &)

X 5(33parton — 1)

# of partons of type f = ¢q,4q, g

e in terms of structure functions, this becomes :

1d€ ~parton o %
> [ 10 (s = 5)

-~

X 5(33parton — 1)

e therefore, can calculate structure functions :
Fi(z) = 5>, € [q(z) + q(=)] Fy(x) = 22 Fi(x)

e Bjorken scaling <« structure of nucleon independent of resolution

e the physics : m has become irrelevant = depend only on Q%/v o x



Polarized scattering : g1, too, can be interpreted in parton model !

= have to consider e(\.)q(\,) — eq etc., and :
o fT(&) 7 of partons with same helicity as nucleon

o (&) 7 of partons with opposite helicity



Define

AFO=FHE) - ()] (=1~ (=)

Aqg, Aq : information on nucleon spin structure




Executive summary :

e write It out :




3.4 Systematics of polarized parton distributions

Parton model :

5

- _¥— — —

o ® represents the structure of the nucleon !

e since the quark is described by a Dirac spinor, ® isa 4 x 4 matrix

components of the matrix related to polarization of quark



e find

(I)'L'j(kap7 S)

Z/(gi;f;;j (2m)* 6P — k — Px) (PS|¢;(0)|X) (X |¢:(0)|PS)

_ / d%z &% ( PS |4,(0) tn(2) | PS)

e this gives (one flavor only !)

2 d4k' 2 r L 1
WY — ¢ /(27T)45(<k+q>>n<1w (k+ )7



e let's choose frame as follows :
— proton momentum : P = (p, 0, 0, p),
— parton : k¥ ~ £ PH
— virtual photon : ¢* = (P -q) n* — £ P*
where n = (1,0, 0, —1) (¢° = —Q* V)

e for convenience, let's for each 4-vector v introduce

vt = 1 (vg + vs) vT = 1 (vg— vs)

e thatis, P" =p. kT =¢ép, P =k =0, n" =0,n =1

e? [ d*k kt
_ py o Wl v
therefore WHY = 5 f(2ﬂ)4 5( —P+> Tr{qi Yy }



e ¢ must have general expansion in terms of P, 7, ¢ etc.
e proton polarization vector s = 3” =+ s’

e find leading contributions

o(x) = 3| a@)P + 5y Dq(2) 5P + Sq(x)Ps 1

where we have three quark-parton densities

1(0) = o [de e (P SI00) v v (0,27,0,) |P,S)
Aga) = — [ d=m P (P S0) 7 5 (0,27,00) P, S)
j(@) = — [dz e P (PSIG(0) 7 9w (0,27,00) |P,S)

“unpolarized” — “longitudinally polarized” — “transversity”



Are these B — ! Yes :
e Defining P~ E% and Pl = % one can show

q(x) = Z o (PjL (1 — :U)P+)

; \<X| P (0)|P,A = 4)

1 2
2 ]

X [ ‘<X| Py (0) |PA = §>

Aq(z) = %Z 5(13;—(1—90)13*)

2

X [ ‘<X| P ap(0) [P A = %>

: \<X| P (0) P, A = 4)

2
7

Sq(x) = 30 (P — (1 —2)PY)
X

2

X ” (X|P'4(0)|P, 51 = %>

1
- 1<X| Pl (0) [P, S1 = 2)
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e recall

o(x) = 5| ¢(@)P + 5 2q(x) P + 0q(x) P ys b1

e previously we had for pointlike particle at high energy :

1
5]5 I — s;v5 + Y541

with density matrix :
1 L4 s s8¢ — 18y
Sz +18y 1 —35

e — density matrix of a quark in the nucleon :

_ 1 q(x) + s Ag(x) s16q(x)
2q(x) s10q(x) q(x) — s Aq(x)




Important :

e partonic structure of ¢(x) doesn't mean that ¢(x), Aq(x), dg(x)

will all contribute to a process with arbitrary polarization |

= el e er] = grlee e

7

o(x) = 5| ¢(@)P + 5 2q(x) P + 0q(x) P ys b1

e gives parton model expressions for Fy, g1 . . .

. but no contribution from transversity !

e in particular, go does not measure transversity



Was expected : €¢ scattering <~ ¢ /i scattering !

e recall we found using chirality conservation :

do
aa >

(L sys)) Ba+ (1= o)) By + (M+ (5 =Ry
ot o Gt - )

e no transverse-spin effect !



3.5 Scaling is violated !

e parton model neglects interactions :

——

e parton states not truly frozen. Some states fluctuate on scales ~ 1/()

— expect dependence on Q?

a typical interaction :




2 +2 .

e try to calculate radiative correction — without spin for now.

e recall, parton model expression for structure function (one quark) :

1 A
A = [ % g B (g)

e a convenient, equivalent, way of handling is to take Mellin moments :

1
F" E/ dr =" Fi(x)
0



e this gives :

|
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e convolution integral — simple product

e [\ellin-inverse : .

f(x) _—/c dnx™ " f"

2



Z +2 o

e Need to integrate over gluon phase space. Find :

_ 0 _
g dkT

F" x 1—|——<qu / — —I—,r”,> q"
2 NCAL VkTJ finite /

log. divergent |

e logarithmic divergence occurs when gluon is emitted collinearly
by initial-state quark. P is the residue of the singularity

/é % qu = “splitting function”




o let's “tame” the singularity ! Give quark a mass m # 0 :

F/" [1 + %s (qu logg —|—r”>] q"
m

— |14+ % (pn logQleogﬂ + r" q"
I 27 € [ m

n Q n Qg n H n
qulog——l—r {1+%quloga}q

&
|}_L|
_|_

L

(){8 n Q n ~Mn Iu‘
[1+%(qulogg+r )] q <%>

e all dependence on long-distance scales in “new’ parton distributions

e all dependence on short-distance scale @ in |[.. ]



e this procedure can be proven to really work :  “Factorized DIS”

FNQY) ~ > f" (%,ocs(u)) Fy (Q,as(u))
/ — _’u,_/
pdf perturbative

e rescues — and generalizes — the parton model |

Q2>>A2

-

(Gross,Wilczek; Georgi,Politzer; Christ,Hasslacher,Mueller; Sterman,Libby;
Amati et al.; Ellis et al.; Curci,Furmanski,Petronzio; Collins,Soper,Sterman; Collins; . . . )



